It is well established that LPA plays a major physiological and pathological role in controlling cell signaling. LPA is present in biological fluids and activates cells through families of G-proteincoupled receptors (1, 2) that are coupled through G i , G 12/13 , or G q . This leads to intracellular effects such as decreases in cAMP, stimulation of phospholipase D (PLD) 3 and Rho effectors leading to stress fiber formation, and activation of phospholipase C, PKC isoforms, ERK, and Ca 2ϩ transients. Extracellular LPA is produced in inflammatory conditions by secretory phospholipase A 2 acting on PA (3) . LPA is also produced from circulating lysophosphatidylcholine by secreted lysophospholipase D and autotaxin (4, 5) . Autotaxin stimulates fibroblast migration and division for wound repair (6) , and its expression shows a positive correlation with tumor progression, angiogenesis, and metastasis (4 -6) . Importantly, LPA mimics many effects of autotaxin. Furthermore, LPA concentrations are high in ascites fluid of patients with ovarian tumors (7) (8) (9) . LPA promotes ovarian tumor development and protects against chemotherapy (10) . These effects highlight our growing knowledge of the importance of LPA in tissue repair, tumor growth, and metastasis.
Consequently, increasing the degradation of extracellular LPA, or attenuating signaling through the LPA receptors can regulate the extracellular actions of LPA. The present work focuses on the effects of the integral membrane protein, lipid phosphate phosphatase-1 (LPP1), which dephosphorylates LPA and other lipid phosphates, and the mechanisms whereby this enzyme modifies fibroblast migration. LPP1 acts partly in the plasma membrane as an ecto-enzyme (11, 12) . It was originally proposed that this ecto activity explained how LPP1 overexpression attenuated the effects of exogenous LPA in activating cell division, ERK, phospholipase D, and Ca 2ϩ transients (13, 14) . Subsequent studies demonstrate that gonadotropin releasing hormone increases LPP expression in the plasma membranes of ovarian cancer cells and that this explains the anti-proliferative effects of gonadotropin releasing hormone on ovarian carcinomas (15) . Overexpression of LPP3 decreases growth, survival, and tumorigenesis of ovarian cancer cells leading to the conclusion that this occurred through the increase in exogenous LPA degradation (16) . Ovarian cancer cells express decreased levels of LPP1, which could contribute to increases in extracellular LPA and the promotion of transformation (17) . Consistent with this view, overexpressing LPP1 in these cells decreased LPA-induced migration (17) . In platelets exogenous LPA increased the expression of ecto-LPP1 activity (18) thus decreasing net LPA production and LPA-induced shape changes and aggregation. Ecto-LPP activities were also concluded to regulate extracellular LPA accumulation that results in the proliferation of pre-adipocytes (19) . The simplest explanation for these combined results is that the ecto-LPP activities control extracellular LPA concentrations, thereby regulating LPA receptor activation. Although, partly true, other mechanisms of action have been demonstrated.
In our fibroblast experiments (13, 14) we limited the degradation of exogenous LPA to Ͻ10% of the total added and LPP expression still attenuated LPA-induced stimulation of ERK, cell division, PLD, and Ca 2ϩ transients. Alderton et al. (20) showed diminished activation of ERK by extracellular LPA, S1P, PA, and thrombin in cells that overexpressed LPP1, -1A, and -2, but not in cells that overexpressed LPP3. The effect on thrombin signaling indicates that ecto-LPP activity is not responsible for attenuating ERK activation, but that this depended upon decreases in intracellular PA concentrations (20) . Subsequent work showed that overexpressing LPP2 and LPP3 increased apoptosis in serum-deprived HEK 293 cells and this correlated with decreased concentrations of PA and S1P in the cells, respectively (21) . Also, HEK 293 cells that overexpress LPP3 exhibited greater DAG formation subsequent to PLD stimulation. PLD 2 and LPP3 are both present in caveolin-1-enriched microdomains (22) . Zhao et al. (23) also concluded that the effects of LPP1 in inhibiting Ca 2ϩ transients and the secretion of the inflammatory cytokine, interleukin-8, occurred downstream of LPA receptor activation. Furthermore, in vivo studies with LPP1 overexpressing transgenic mice failed to detect alterations in circulating LPA levels (24) . Fibroblasts from these LPP1 overexpressing mice revealed decreased steady-state levels of PA and a rise in DAG. This work failed to show decreased LPA-and PDGF-induced ERK1/2 activation in fibroblasts from LPP1 overexpressing mice (24) . However, decreased ERK activation by S1P and PDGF was observed in fibroblasts prepared from mice that expressed 20 gene copies for Lpp1, but little effect was seen in fibroblast that expressed two gene copies (25) . We used the latter fibroblasts in some of our studies on migration. Long et al. (25) postulated that the effects of LPP1 in decreasing PDGF-induced fibroblast migration in a "wound healing" assay were caused by long-term increases in DAG concentrations and desensitization of PKCmediated cell signaling.
The actions of the LPPs on intracellular PA concentrations can also modify cell signaling because the PA is an important bioactive lipid (see Refs. 11 and 12 for original citations). PA production in neutrophils stimulates NADPH oxidase. PA also stimulates protein kinase C-, phosphatidylinositol 4-kinase, and phospholipase C-␥ and increases Ras-GTP concentrations (11, 12) . It also increases sphingosine kinase-1 activity (26) and inhibits protein phosphatase-1 (27) . PA formation in MadinDarby canine kidney (28) and HIRcB cells (29) activates Raf-1 and ERK. PA also increases cell division through mTOR (30 -32) and stimulates stress fiber formation (33, 34) . The relative concentrations of LPA and PA in membranes control their curvature and vesicle budding (35, 36) . PLD 1 and its activator, ARF, are involved in vesicle movement through PA production (37, 38) .
The present experiments focused on the effects of LPP1 on fibroblast migration. Knockdown of LPP1 activity increased LPA-induced migration, whereas increasing LPP1 activity decreased this migration. Under our experimental conditions, changing LPP1 expression did not affect PDGF-or endothelininduced migration. The regulation of LPA-induced migration by LPP1 did not depend upon the degradation of exogenous LPA. The inhibitory effect of LPP1 on migration was downstream of LPA-receptor stimulation through its activation of Rho and control of PA formation by PLD 2 . The latter activity is necessary for the stimulation of Rat2 fibroblast migration by LPA, but not by PDGF.
EXPERIMENTAL PROCEDURES
Materials-Dulbecco's minimum essential medium (DMEM) and trypsin-EDTA were purchased from Invitrogen. Fetal bovine serum and human recombinant PDGF-␤␤ were from Medicorp, Inc. (Montréal, PQ, Canada). Fatty acid-free bovine serum albumin, trypsin inhibitor, PA, LPA, GW9662, and human endothelin-1 were from Sigma. [9,10- 3 H]Palmitate (57 Ci/mmol) was from PerkinElmer Life Sciences, Inc. and [␥-32 P]ATP was from GE Healthcare. 1,2-Dioleoyl-sn-glycero-3-phosphobutanol (PB) and sn-1,2-dioleoylglycerol were from Avanti Polar Lipids Inc. (Alabaster, AL). PD98059 was purchased from EMD Biosciences (Darmstadt, Germany). The ␣-hydroxyphosphonate analogue of LPA, wls-31, was a kind gift from Drs. Kevin R. Lynch and Timothy L. Macdonald, University of Virginia Health Sciences Center, Charlottesville, VA. Polyclonal rabbit antibodies for mLPP1 were prepared as described previously (13) and antibodies for PLD 2 were a gift from Dr. S. Bourgoin, University of Laval, Québec, PQ, Canada. Rabbit polyclonal antibodies for PLD 1 were purchased from BioSource International Inc. (Camarillo, CA). Monoclonal antibodies for Rho-A, -B, and -C, and Rac were from Upstate (Charlottesville, VA). Mouse monoclonal phospho-ERK1/2 antibody was from Cell Signaling Technology Inc. (Beverly, MA). Mouse monoclonal anti-phosphotyrosine (PY20) and PPAR␥ and rabbit polyclonal antibodies for PDGFR-␤, Cdc42, and ERK1 were from Santa Cruz Biotechnology. Twenty-fourwell Costar Transwell Permeable Supports were from Corning Inc. (Corning, NY). The membranes were precoated with 6 g of human plasma fibronectin obtained from Sigma. We described previously the preparation of adenoviral vectors for expressing LPP1, the inactive LPP1(R217K) mutant (23) , and dominant/negative PLD 1 and PLD 2 (39) .
Fibroblast Culture and Modifying the Expression of LPP1 Activity-We engineered mixed populations of Rat2 fibroblasts that stably overexpress LPP1 by using a retroviral vector and puromycin selection (13) . We also employed fibroblasts obtained from transgenic mice that overexpressed 2 copies of the Lpp1 gene (24) . Catalytically active LPP1 and the inactive R217K mutant (40) were transiently overexpressed by using adenoviral constructs at 40 multiplicity of infection for 24 h, when new serum-supplemented medium was added and the cells tested 18 h later (23) . Knockdown of LPP1 activity was achieved using double-stranded SMARTpool® siRNAs designed to target rat LPP1 from Dharmacon Inc. (Lafayette, CO). About 500,000 Rat2 fibroblasts were plated on 10-cm plates with DMEM and 10% FBS and allowed to double in number over 24 h. Lipofectamine 2000 (Invitrogen) in Opti-MEM (Invitrogen) was used at 1 ϫ 10 6 cells to 7 g of Lipofectamine 2000 with a final concentration of 200 nM siRNAs. Transfection was performed in antibiotic-free medium containing serum according to the manufacturer's instructions. After 4.5 h, the transfection media was replaced with DMEM and 10% FBS. Cells were starved in DMEM and 0.4% BSA 24 h after transfection. For each experiment, controls for LPP1 knockdown were performed with functional non-targeting siCONTROL (Dharmacon) siRNAs, which can silence firefly luciferase, and with Lipofectamine 2000 alone. Total LPP activity was measured using PA in Triton X-100 micelles and ecto-LPP activity was determined by measuring the release of 32 P i from 32 P-labeled LPA (13) .
Detection of mRNA Expression of LPPs-Changes in mRNA concentrations in fibroblasts that were left over from the migration assay were measured by real time reverse transcriptase-PCR using appropriate controls and primers as described previously (41) .
Western Blotting-Cell lysates were collected in buffer that contained 50 mM Hepes, 137 mM NaCl, 1 mM MgCl, 1 mM CaCl, 10% glycerol, 0.1% SDS, 1% Triton X-100, 0.5% deoxycholate, 2.5 mM EDTA, 1 mM orthovanadate, 10 mM NaF, and 1% Sigma protease inhibitor mixture. Sample protein (75 g) was loaded on 10-and 7.5% SDS-PAGE gels for separating and detecting LPP1 and PLD, respectively. The proteins were transferred to nitrocellulose membranes and blocked overnight in Odyssey Blocking Buffer (LI-COR, Lincoln, NB). Rabbit polyclonal antibodies for mLPP1, PLD 1 , and PLD 2 were diluted 1:1000 in the Odyssey Blocking Buffer supplemented with 0.1% Tween 20 and incubated for 2 h at room temperature. Transactivation of the PDGFR by LPA was measured by immunoprecipitating 100 g of sample protein with mouse monoclonal anti-phosphotyrosine antibody and analyzing the antibody complex from protein A-Sepharose (from GE Healthcare) on a 7.5% SDS-PAGE gel followed by Western blotting with rabbit polyclonal anti-PDGFR-␤ diluted 1:1000. For ERK analysis, 30 g of protein was analyzed using a 7.5% SDS-PAGE gel. The membrane was probed simultaneously with rabbit polyclonal anti-ERK1 antibodies, and mouse monoclonal antibodies (both diluted 1:2000) that recognize phosphorylated ERK1/2. Goat anti-rabbit IgG conjugated to an IRDye800 (Rockland Immunochemica, Gilbertsville, PA) and goat anti-mouse IgG conjugated to Alexa Fluor 680 (Molecular Probes, Eugene, OR) fluorescent markers were diluted 1:10,000 and incubated for 1 h at room temperature. Fluorescence on the Western blot at 700 and 800 nm was scanned with the Odyssey Infrared Imaging System and quantified with Odyssey software. The phosphorylation of ERK was expressed relative to total ERK.
Measurement of PA and DAG Concentrations and PLD Activation-For the measurement of PA formation, 350,000 Rat2 fibroblasts were plated on 10-cm dishes with DMEM and 10% FBS. After 48 h the medium was changed to DMEM that contained 0.4% BSA and 20 Ci of [ 3 H]palmitate. The cells were incubated 18 h when the media was removed and unlabeled DMEM and 0.4% BSA were added to the cells for an additional 2 h. The cells were then treated with agonists for 30 min, and the reactions were stopped by washing twice with ice-cold Hepes-buffered saline. The cells were then collected by scrapping twice in 0.5 ml of methanol. One ml of chloroform and 0.9 ml of 2 M KCl containing 0.2 M HCl were added and the mixtures were vortexed and then centrifuged. The bottom organic phase was isolated and dried under N 2 and dissolved in 100 l of chloroform/methanol (9:1). One half of the sample was used to measure PA levels and the other half was used for the DAG mass assay. For measuring PA concentrations, samples of the lipids were loaded in the middle of plastic-supported Silica Gel 60 thin layer chromatography plates. Plates were developed twice in chloroform/methanol/ammonium hydroxide (65:35:7.5, by volume), and the plates were cut 1 cm above the PA standard. They were then turned upside down, and developed in the reverse direction with chloroform/methanol/ acetic acid/acetone/water (50:10:12:20:5, by volume). The mass of DAG in the cells was determined by converting it to PA in the presence of [␥-32 P]ATP and DAG kinase (42) . The concentration of DAG was determined by using a standard curve prepared with sn-1,2-dioleoylglycerol. The mass of DAG was expressed relative to the total phospholipid content of the cells (42) .
For measurement of PLD activity, 73,000 fibroblasts were plated in DMEM and 10% FBS on 3.5-cm dishes. After 48 h, the medium was changed to 1 ml of DMEM that contained 0.4% BSA and 5 Ci of [ 3 H]palmitate. The cells were incubated 18 h when the media was replaced with unlabeled DMEM plus 0.4% BSA, and the cells were incubated for 2 h. The fibroblasts were then preincubated with 30 mM butan-1-ol for 15 min and then treated with agonists for 6 min so that PLD activity could be measured through the formation of PB. Lipids were extracted, and isolated as for PA above. Samples of the lipids including 50 g of PB internal standard were loaded on glass-supported Silica Gel 60 thin layer chromatography plates and the plates were developed using the upper organic phase of ethyl acetate/isooctane/acetic acid/water (130:20:30:100, by volume). Lipids were detected by I 2 staining and PB and the total phospholipids near the origin were collected by scrapping. 3 H labeling was measured by liquid scintillation counting. Relative PLD activity was calculated as the percentage of PB relative to the labeling of total phospholipids.
Fibroblast Migration-For the Transwell assay, about 350,000 cells were plated on 10-cm dishes with DMEM and 10% FBS and no antibiotics. After 24 h the fibroblasts were treated with adenovirus at 40 multiplicity of infection for LPPs and 50 multiplicity of infection for the PLDs or siRNA as indicated. After a further 24 h the cells were starved with DMEM and 0.4% fatty acid-free BSA for 18 h. The cells were collected using trypsin-EDTA and quickly neutralized with trypsin inhibitor. Cells (100,000) in DMEM and 0.4% fatty acid-free BSA were plated inside 6.5-mm diameter Transwell inserts with 8.0-m pore size polycarbonate filters for 2 h before they were placed in the bottom well. When indicated, 30 mM butan-1-ol or butan-2-ol, 200 nM GW9662, 40 M PD98059, or 0.1% Me 2 SO as a vehicle control were added to the Transwell 30 min before the migration started. The bottom wells contained the agonists, DMEM, and 0.4% fatty acid-free BSA supplemented with 0.4% charcoaltreated FBS plus butanol, or inhibitors as indicated. The cells were allowed to migrate for 6 h at which time the top of the filters was cleared by using a wet cotton-tipped applicator followed by a dry one. The migrated cells were then fixed in 5% formaldehyde in Hepes-buffered saline for 30 min. Visualization of the fixed cells on the filters was achieved with a hematoxylin/eosin combination stain, or the nuclei were stained with 1 g/ml Hoechst 33258 for 2 h. Images of about 6 fields per filter were taken using a digital camera and a fluorescence microscope (Leica DM IRB) and these were magnified 100-fold.
For the wound healing assay, Rat2 fibroblasts were grown to confluence in 24-well plates (Corning) and starved with DMEM and 0.4% fatty acid-free BSA for 18 h. The monolayer was scratched using the end of a 200-l pipette tip, and the detached cells were removed with Hepes-buffered saline. DMEM and 0.4% fatty acid-free BSA with or without agonists was added to each well as indicated. Images at ϫ25 magnification were taken at different time intervals with a digital camera and a microscope (Leica DM IRB). The size of the image was quantitated by using the graduations on a hemocytometer. This enabled us to estimate the average distance (measured at seven different points) by which the walls of the wound had closed.
Measurement of Rho, Rac, and Cdc42 Activation-The relative concentrations of Rho-GTP and Rac-GTP plus Cdc42-GTP were determined in pull-down assays using Rhotekin Rho binding domain bound to glutathione-agarose (from Upstate) and the GTPase binding domain of PAK1 bound to glutathione-Sepharose 4B (from GE Healthcare), respectively (43, 44) . The amounts of bound Rho, Rac, and Cdc42 were then determined by Western blot analysis using mouse monoclonal antibodies for Rho and Rac at 3 g/ml and 1:2000 dilution, respectively, and polyclonal antibodies for Cdc42 at 1:500 dilution. The results were normalized to the total amount of Rho, Rac, or Cdc42, respectively, which was used for the pull-down assays.
Statistical Analysis-Statistical differences were calculated by analysis of variance followed by a Newman-Keuls post hoc test.
RESULTS

LPP1 Activity Regulates the Stimulation of Fibroblast Migration by LPA, but not by PDGF or
Endothelin-To determine how LPP1 activity alters migration to various agonists, we established mixed populations of Rat2 fibroblasts that stably overexpressed LPP1 mRNA by about 12-fold (41) . This previous work also demonstrated that overexpression, or knockdown of LPP1 mRNA, did not change mRNA expression for LPP2 and LPP3. LPP1 overexpressing fibroblasts used in the present studies showed ϳ4-and 2-fold increases in total LPP and ecto-LPP activities, respectively, compared with wild-type or vector control cells (Fig. 1, A and B) . These LPP1 overexpressing fibroblasts showed a severe inhibition of LPA-induced migration in a wound healing assay (Fig. 1, C and D) . There was no significant effect on the actions of PDGF and endothelin on migration (Fig. 1D) .
The wound healing assay measures mainly the non-directional, chemokinetic movement of fibroblasts because no diffusion gradient of the agonist is established. Therefore, we also employed a Transwell chamber assay to distinguish between chemotaxis (directional migration toward a gradient of chemoattractant) and chemokinesis. The mode of the migration that was stimulated by the three agonists was determined by adding the same concentration of agonist to the top and bottom chambers and comparing the migration to when the agonist was present only in the bottom chamber. PDGF-induced migration was mainly mediated through chemotaxis because adding 20 ng/ml PDGF to the top chamber inhibited migration to the bottom chamber by about 74 Ϯ 7% in three experiments. By contrast, the migration to 0.5 M LPA and 100 nM endothelin was mainly mediated by chemokinesis. Adding the equivalent concentrations of LPA to the top chambers blocked migration by 43 Ϯ 22% in five experiments. For endothelin there was no significant decrease in migration in two experiments. Our results for LPA and PDGF migration agree with previous work with fibroblasts (45, 46) .
The results from the Transwell assay demonstrate that the migration of Rat2 fibroblasts in response to 0.1-10 M LPA was severely inhibited by increased LPP1 expression ( Fig. 2A) . We also employed fibroblasts from mice that expressed two gene copies of Lpp1 and these showed about 2-fold increases in total and ecto-LPP activities compared with fibroblasts from control mice (24) . These LPP1 overexpressing fibroblasts also showed decreased migration to LPA (Fig. 2B) with the most striking effects at lower LPA concentrations. We also tried to study the effects of LPP1 using S1P as an agonist. However, S1P did not stimulate fibroblast migration in the assays used (results not shown).
To investigate whether the effect of LPP1 on LPA-induced migration depends upon its catalytic activity, Rat2 fibroblasts were infected with adenoviral vectors containing mLPP1-myc or the inactive mLPP1(R217K)-myc (40) . Overexpression of the wild-type LPP1 increased total LPP activity by about 4-fold, whereas expression of the mutant did not change LPP activity significantly (results not shown). As a control, we confirmed by Western blotting that the inactive LPP1 mutant was expressed to similar extents compared with active LPP1 (Fig. 2C, inset) .
Transient expression of wild-type LPP1, but not LPP1(R217K), decreased LPA-induced migration compared with wild-type cells (Fig. 2C) .
To determine whether the effects of LPP1 overexpression were specific for LPA-induced migration we also measured the responses to PDGF and endothelin. LPP1 overexpression did not significantly alter chemotaxis to PDGF, or chemokinesis with endothelin (Fig. 2, D and E) .
To provide further evidence that changing LPP1 activity controls LPA-induced migration, we knocked down endogenous LPP1 expression using a combination of four siRNAs to rat LPP1. mRNA for rat LPP1 was decreased by about 90% compared with treatment with control siRNA or Lipofectamine alone (Fig. 3A) , and this was accompanied by a 50% decrease in total LPP activity (Fig. 3B) . The lower effect on LPP activities compared with mRNA levels is explained by the fact that the fibroblasts continue to express LPP2 and LPP3. Fibroblasts in which LPP1 activity was knocked down showed increased (p Ͻ 0.05) LPA-induced migration compared with cells treated with control siRNA (Fig. 3C ). There was no significant effect of the LPP1 knockdown on migration to PDGF (Fig. 3C) . Knockdown of LPP1 also increased fibroblast migration in the absence of added agonist in some experiments. This suggests that basal migration could result from endogenously produced LPA. The combined results from the experiments shown in Figs. 1-3 therefore, establish that changing the activity of LPP1 specifically regulates LPA-induced fibroblast migration.
The Effect of LPP1 on LPA-induced Migration Is Not Mediated through the Degradation of Extracellular LPA-The most direct explanation for the specific effects of LPP1 expression of LPA-induced cell migration is that the ecto-activity of LPP1 decreases the ability of exogenous LPA to stimulate its receptors. However, we limited the degradation of exogenous LPA in the 6-h Transwell assays to less than 20% even at the lowest LPA concentrations. Also, we saw effects of LPP1 expression when we added excess (up to 10 M) LPA (Fig. 2A) . Therefore, the increased ecto-activity of LPP1 could not have changed bulk LPA concentrations in the medium to an extent that could have affected fibroblast migration.
Alternatively, the ecto-activity could enable mono-oleoylglycerol formed from oleoyl-LPA to enter the cell and thereby regulate cell signaling after re-phosphorylation (11, 12) . For example, intracellular LPA could signal through internal LPA receptors (47) or the PPAR␥ receptors (48, 49) and thereby affect migration. We excluded this ecto-LPP1 effect by adding 10 nM to 5 M exogenous mono-oleoylglycerol to the fibroblasts and establishing that this had no effect on LPA-induced migration (results not shown). In further experiments we added 200 nM GW9662 to the fibroblasts to inhibit PPAR␥ receptor activity. This had no significant effect on LPA-or PDGF-induced migration. Furthermore, the concentration of PPAR␥ receptors, as determined by Western blotting, was not significantly different among the wild-type, vector control, and LPP1 expressing fibroblast (results not shown). These combined results demonstrate that changes in PPAR␥ receptor activation do not explain the actions of LPP1 in decreasing fibroblast migration under the present 6-h migration assay. To investigate the role of the ecto-LPP activity more directly we used the ␣-hydroxyphosphonate analogue (wls-31) of LPA to promote cell migration. This analogue cannot be dephosphorylated by the LPPs and it is an agonist for LPA 1/3 receptors (50, 51). Reverse transcriptase-PCR analysis demonstrated that Rat2 fibroblasts express LPA 1 , but not LPA 2 and LPA 3 (results not shown). Fibroblast migration to LPA or wls-31 (results not shown) was inhibited by more than 90% after preincubation of the cells with pertussis toxin indicating the coupling of LPA 1 to G␣ i (Fig. 4A) . Pertussis toxin, as expected, did not alter PDGFinduced migration. Increased expression of LPP1 also decreased the stimulation of migration by wls-31 (Fig. 4B) . These results establish that hydrolysis of extracellular LPA is not required for LPP1-induced regulation of LPA-induced migration.
Effects of LPP1 Expression on the Activation of ERK, Rac, and Rho with Respect to Fibroblast
Migration-Our conclusion that LPP1 has a signaling effect downstream of LPA 1 activation is compatible with work on the control of ERK activation by the LPPs (20, 21, 25) . Under the present experimental conditions, LPA-induced ERK phosphorylation was decreased by an average of 62% by stable overexpression of LPP1 (Fig. 5, A and B) . However, there was no significant effect of LPP1 overexpression on PDGF-induced ERK activation. We also investigated whether the decreased activation of ERK could contribute to the effect of LPP1 expression on LPA-induced migration by treating wild-type fibroblasts with 40 M PD98059 to block ERK activation. This treatment inhibited LPA-and PDGF-induced ERK phosphorylation by about 93 and 77%, respectively (Fig. 5, C and D) . LPA-and PDGF-induced migrations were decreased by about 57 and 37% in the presence of 40 M PD98059, respectively (Fig. 5E) . These results confirm that ERK activation is required for fibroblast migration. The lack of effect of LPP1 on PDGF-induced migration is compatible with a failure to decrease ERK activation significantly by this agonist in our experimental system.
In other experiments, we determined the effects of LPP1 expression on the activation of the small G-proteins Rho and Rac, which are well known to be involved in cell migration. Total Rho and Rac concentrations were not changed significantly by LPP1 expression (results not shown). Also, basal Rho-GTP concentrations in wild-type, vector control, and LPP1 overexpressing fibroblasts were not significantly different (Fig. 6A) . However, the LPA-induced increase in Rho-GTP concentration was significantly attenuated in fibroblasts that overexpressed LPP1. Stimulation of the fibroblasts with PDGF under these experimental conditions produced no significant increase in Rho-GTP in any of the cell lines. The concentration of Rac-GTP under basal conditions was decreased in the LPP1 overexpressing fibroblasts compared with wild-type fibroblasts and the vector controls (Fig. 6B) . Treatment with LPA did not change Rac-GTP concentrations significantly in any of the cell lines under these conditions. Stimulation of the LPP1 overexpressing fibroblasts with PDGF appeared to increase Rac-GTP concentrations in LPP1 overexpressing fibroblasts such that its concentration was not significantly different from the wild-type or vector control fibroblasts (Fig. 6B) . Similarly, Cdc42-GTP concentrations under basal conditions were significantly decreased by an average of 44% (p Ͻ 0.05) in LPP1 overexpressing fibroblasts compared with wild-type fibroblasts and the vector controls. However, there was no increase in Cdc42-GTP concentrations upon activation with LPA and PDGF in any of the cell lines under these conditions (results not shown).
LPP1 Expression Decreases PLD Activity and PA Accumulation after Stimulating Fibroblasts with either LPA or PDGF, but PLD-dependent PA Formation Is Only Required for LPA-induced Fibroblast Migration-To determine whether LPP1
inhibited fibroblast migration by controlling PA production, we stimulated the fibroblasts with LPA, or PDGF to increase PLD activity. Basal PA concentrations were not significantly different among the three cell lines (Fig. 7A) . Overexpression of LPP1 decreased LPA-and PDGF-induced increases in steady-state accumulation of PA by 70 -80% (Fig. 7A) . LPP1 activity has been implicated in converting PA to DAG and therefore we determined the effects of LPP1 expression on steady-state DAG concentrations. LPA and PDGF both increased the relative mass of DAG in LPP1 overexpressing fibroblasts (p Ͻ 0.05), but there was no significant effect of increasing LPP1 activity on DAG accumulation (Fig. 6B) . To determine the site of the LPP1 effect on PA we also measured the effect on PLD activation. Overexpression of LPP1 also decreased PLD activation after stimulation with both PDGF and LPA (Fig. 7C) . Thus the decreased accumulation of PA can result from both decreased formation from phosphatidylcholine and the action of LPP1 on the PA.
These results on PLD activity and PA accumulation on their own does not explain the differential effect of LPP1 in only attenuating LPA-, but not PDGF-induced migration. We, therefore, postulated that PLD activation and PA formation were required for fibroblast migration to LPA, whereas it was not necessary for PDGF-induced migration. This was tested by adding butan-1-ol to the migration assays to block PA formation by PLD. This treatment inhibited the stimulation of migration by LPA, but not to PDGF. As a negative control we used butan-2-ol, which does not participate in the transphosphatidylation reaction of PLD. Butan-2-ol did not alter LPA-or PDGF-induced migration significantly.
To strengthen these results, we also decreased PLD activity by transfecting the fibroblasts with adenoviral vectors that encoded dominant/negative mutants of PLD 1 and PLD 2 . Expression of both mutant PLDs was confirmed by Western blotting (Fig. 8, B and C) . The expression of dominant/negative PLD 2 decreased LPA-induced migration by about 75%, whereas expression of dominant/negative PLD 1 had no significant effect (Fig. 8D) . By contrast, there was no significant effect of either PLD mutant on PDGF-induced migration.
We also investigated whether decreased LPA-induced activation of PLD in LPP1 overexpressing fibroblasts is responsible for the lower activation of Rho (Fig. 6A) or ERK (Fig. 5, A and B) , which might account for the decreased LPA-induced migration. Dominant/negative PLD 1 or PLD 2 were expressed separately in wild-type fibroblasts, which were then treated for 10 min with 0.5 M LPA. There was no significant difference in the activation of Rho or ERK in fibroblasts that expressed dominant/negative PLD 1 or PLD 2 (supplementary Fig. i) . As controls we verified that the mutant PLDs were overexpressed as in Fig.  8 , B and C. We also showed that expressing dominant/negative PLD 1 and PLD 2 under these conditions decreased LPA-induced PLD activity by an average of 38 and 46%, respectively. Thus, the combined inhibition of total PLD activity was about 84%. These results are compatible with previous work on the efficacy of the mutants in blocking LPA-induced PLD activity (39) . Taken together, the experiments in Fig. 8 support the essential role of PLD 2 activation and PA formation in LPAinduced fibroblast migration and identify a mechanism for the inhibitory effect of LPP1.
DISCUSSION
The present work on fibroblast migration employed both a wound healing assay that detects mainly chemokinesis and a Transwell chamber assay that can detect both chemotaxis and chemokinesis. We used a variety of approaches to establish that the catalytic activity of LPP1 regulates LPA-induced chemokinesis in fibroblasts. The inhibition of LPA-induced migration was observed in Rat2 fibroblasts that stably overexpressed LPP1 by retroviral transduction, in fibroblasts that transiently overexpressed LPP1 after adenoviral infection, and in fibroblasts derived from mice that overexpressed LPP1. Overexpression of enzymes can produce ectopic expression and non-physiological results. Therefore, further evidence was provided by knocking down endogenous LPP1 activity and showing that this increased LPA-induced migration. LPP1 is a major contributor to LPP activity in the fibroblasts (41) because increasing, or knocking down its expression significantly altered total LPP activity.
Our next objective was to determine the mechanism by which LPP1 controls LPA-induced fibroblast migration. First, LPPs might have non-catalytic effects on migration. Human LPP3 possesses an extracellular RGD cell adhesion sequence that promotes cell/cell interactions (52) . hLPP3 bound to a subset of integrins, and anti-␣ v ␤ 3 and anti-␣ 5 ␤ 1 antibodies blocked binding. In platelets, LPP3 co-localized with ␣ 11b ␤ 3 (18) . hLPP1 has RGN instead of RGD in hLPP3 (53) . This sequence could be involved in regulating migration because peptides with RGD and RGN sequences antagonize the binding of T-lymphocytes to fibronectin (54) . The equivalent sequence in the mouse and rat LPP1 used in the present work is QGN (53), which probably does not affect cell/cell interactions. The fact that expressing the inactive R217K mutant (40) of mouse LPP1 did not decrease LPA-induced fibroblast migration eliminates a non-catalytic effect of LPP1 in the present work.
The effect of LPP1 on fibroblast migration was specific for LPA because there was no significant effect of LPP1 expression on the stimulation of migration of Rat2 fibroblasts by endothelin, which also stimulates G-protein-coupled receptors, or to PDGF that signals through a receptor tyrosine kinase. This lack of effect of LPP1 activity on PDGF-induced migration differs from that reported by Long et al. (25) who used a wound healing assay with mouse fibroblasts that expressed 20 gene copies of Lpp1. This level of LPP1 expression resulted in decreased ERK activation in response to LPA, PDGF, and S1P (25) . However, we used the equivalent fibroblasts that expressed 2 gene copies of Lpp1 and therefore had lower LPP1 activity (24, 25) . In these mouse fibroblasts there was no significant LPP1-induced decrease in ERK activation by LPA or PDGF (24, 25) . However, LPA-induced migration was attenuated in mouse fibroblasts that expressed two gene copies of Lpp1 (Fig. 2B) . Therefore, ERK activation in the latter fibroblasts does not appear to be the target for LPP1 in controlling LPA-induced migration. In Rat2 fibroblasts, overexpression of LPP1 did attenuate ERK activation by LPA, but not PDGF (Fig. 5) . This decrease in LPA-induced ERK activation was not explained by inhibition of PLD 1 or PLD 2 . However, our work also showed that when ERK activation was inhibited with PD98059, this resulted in an inhibition of LPA-and PDGF-induced migration of Rat2 fibroblasts.
Another major difference in our studies and those of Long et al. (25) is that we used Transwell chambers that for PDGF determined its predominant effects on chemotaxis rather than chemokinesis, which is determined by the wound healing assays. Again, LPP1 expression failed to decrease PDGF-induced fibroblast migration (Fig. 2, C and D) . The effects of LPP1 on LPA-induced migration does not simply relate to a specific blocking of chemokinesis because there was no significant action of LPP1 activity on the chemokinetic effects of endothelin (Figs. 1D and 2E) .
The next question was whether LPP1 modified fibroblast migration specifically to LPA by dephosphorylating exogenous LPA and therefore its ability to activate LPA receptors. We eliminated this possibility by ensuring that the total breakdown of LPA in the Transwell assay never exceeded 20% of the exogenous LPA. We also added excess LPA (up to 10 M) to stimulate migration, but this did not reverse the LPP1-induced inhibition. Therefore, effects of LPP activity on the bulk concentrations of exogenous LPA cannot account for the observed changes in LPA-induced migration. It is possible that a small pool of added LPA has access to LPA receptors and that this is the pool specifically metabolized by LPP1 to control migration. Alternatively, ecto-activity could enable monooleoylglycerol formed from oleoyl-LPA to enter the cell and thereby regulate migration after re-phosphorylation (11, 12) and stimulation of internal LPA 1 (47) or PPAR␥ receptors (48, 49) . We excluded this possibility by adding different concentrations of mono-oleoylglycerol to the outside of the fibroblasts and showing that this did not affect LPA-induced migration. We also showed that inhibiting PPAR␥ receptor activity did not alter migration and that PPAR␥ receptor expression was not altered significantly by increasing LPP1 activity.
However, the most compelling result that excludes an effect of ecto-LPP1 activity on migration is that overexpressing LPP1 also decreased migration to the ␣-ketophosphonate analogue (wls-31) of LPA. wls-31 cannot be hydrolyzed by LPP1. This compound has agonist activity for LPA 1 receptors (50, 51) that are expressed in Rat2 fibroblasts. In our work the effects of LPA and wls-31 on migration were inhibited by pertussis toxin, indicating receptor coupling to G␣ i . Because the LPP1 effect depends on catalytic activity, it must be mediated by changing the metabolism of a lipid phosphate formed downstream of LPA 1 activation. LPP1 potentially hydrolyzes a variety of intracellular lipid phosphates including LPA, PA, ceramide 1-phosphate, and S1P provided that these substrates have access to the enzyme (11, 12) .
We concentrated our attention on the generation of PA through PLD. The LPPs can dephosphorylate PA to DAG following PLD activation (11, 12) and overexpression of different LPPs can decrease intracellular PA accumulation (20, 21, 24, 55, 56) . In the present work, overexpressing LPP1 severely decreased PA accumulation after stimulating the fibroblasts with both LPA and PDGF. Long et al. (25) postulated that the long-term effects of increased LPP1 activity in increasing DAG concentrations decreased the expression of PKC␣ and that this could account for decreased ERK activation. Equally, DAG-dependent PKCs activate PLD2 as well as PLD1 (57, 58) . A decrease in these PKC activities could, therefore, explain the attenuation of PLD 1 and PLD 2 activation in cells that have increased LPP1 activity. This could represent a negative feedback loop to prevent further DAG formation through the PLD pathways. We are presently investigating this hypothesis. However, in our studies there were no significant effects of LPP1 activity on the accumulation of bulk cell DAG. The fact that DAG accumulation was maintained in LPP1 overexpressing cells despite a severely decreased PA accumulation (Fig.  7A) is therefore remarkable. This maintenance of DAG concentrations in LPP1 overexpressing fibroblasts is compatible with the hypothesis that LPP1 is involved in the conversion of PA to DAG. In addition, DAG could be derived by the stimulation of phospholipase C activities by LPA and PDGF.
Interestingly, our previous work showed that increasing LPP1 blocked PLD activation by LPA (14) . Our present work demonstrates for the first time that LPP1 regulates the PDGFinduced activation of PLD. These LPP1 effects on LPA and PDGF signaling are upstream of PLD activation. This is in addition to the role of LPP1 in converting PA to DAG. Our work, therefore, extends the studies on Long et al. (25) in showing that LPP1 has a critical function in regulating signaling by PDGF as well as by LPA. However, this control by LPP1 of PLD activation by PDGF did not regulate PDGF-induced fibroblast migration in our work.
These results could be explained if increased PA formation were essential for LPA-induced migration, but not PDGF-induced migration. We verified this prediction by showing that blocking PLD-induced PA formation with butan-1-ol attenuated migration to LPA, but not to PDGF. We extended this work and established that PLD 2 , and not PLD 1 , is required for LPA-induced migration. Neither PLD isoform was required for PDGF-induced fibroblast migration. However, LPP1 could still be an important regulator of other aspects of PDGF-induced cell activation, or in the internalization and cycling of the PDGF receptor. PLD 2 activation is required for LPA-induced transactivation and tyrosine phosphorylation of the PDGFR (23). However, no significant tyrosine phosphorylation of the PDGFR was observed with 0.5 M LPA, which supported optimum migration (results not shown). Sakai et al. (45) reached the same conclusion concerning the relatively low LPA concentrations that stimulate fibroblast migration compared with much higher concentrations needed for PDGFR transactivation. Furthermore, if LPA-induced migration required activation of the PDGFR it should stimulate mainly chemotaxis, whereas LPA controls mainly chemokinesis. PLD 2 -induced PA formation is also required for the stimulation of phosphatidylinositol 4-phosphate 5-kinase I␥␤ and the synthesis of phosphatidylinositol 4,5-bisphosphate (59). These effects are required for activation of cell surface integrins that are required for cell adhesion and migration. Significantly, ␤ 1 A integrin is required for LPA-induced fibroblast migration (45) . The action of LPP1 in decreasing PLD 2 activation by LPA could, therefore, result in decreased engagement of integrins with the extracellular matrix resulting in decreased migration.
We previously determined the effects of LPP1 expression on LPA-and PDGF-induced Ca 2ϩ transients. Increasing LPP1 inhibited Ca 2ϩ release in response to LPA, but not to PDGF (14) . This could also explain the different effects of LPP1 in inhibiting LPA-, but not PDGF-induced migration because the stimulation of fibroblast migration by both of these agonists depends upon the Ca 2ϩ transient. This conclusion is illustrated by our observation that adding 35 M BAPTA-AM blocked LPA-and PDGF-induced migration by 83 and 97%, respectively. 4 We also investigated the effects of LPP1 expression on activation of the small G-proteins, Rho, Rac, and Cdc42. LPP1 expression significantly decreased Rac-GTP and Cdc42-GTP concentrations in unstimulated fibroblasts and decreased Rac-GTP in those activated with LPA, but not PDGF. Increased LPP1 expression also decreased LPA-induced increases in Rho-GTP concentrations. There was no significant effect of PDGF on Rho activation under these conditions. In previous work, there was high Rho activation in protrusions from mouse embryonic fibroblasts that were migrating non-directionally (as produced with LPA in our work) compared with cells stimulated with PDGF (60), which induces chemotaxis. Our results with LPP1 and the differences in signaling between LPA and PDGF are compatible with those of Kam and Exton (31) . Significantly, inhibition of the activation of Rho family GTPases has a greater effect on the activation of PLD by LPA compared with PDGF, which resembles the effects of LPP1 shown in Fig.  7C . Our observation that expression of dominant/negative PLD 1 or PLD 2 did not alter the LPA-induced activation of Rho is compatible with Rho activation being upstream and not downstream of PLD. Significantly, Rho activation and PA formation are necessary for actin polymerization (33, 34) , which is required for cell migration.
Work from animal models strongly implicates the LPPs as regulators of cell migration. Drosophila expresses two Wunen proteins homologous to LPP3. Wunen-1 and -2 decrease migration of primordial germ cells (61) (62) (63) . Introduction of LPP1 has no effect on an endogenous Drosophila germ cellspecific factor in vivo, whereas LPP3 causes aberrant migration and germ cell death (63) . Wunen proteins may act by promoting the uptake of a product that they form from a lipid phosphate (64) . Work with mouse embryos from LPP3 knock-out mice showed failure to form chorio-allantoic placenta and yolk sac vasculature. Some embryos showed shortening of the anterior-posterior axis (65) similar to axin deficiency, a critical regulator of Wnt signaling. It was proposed (65) that LPP3 functions as Wnt signaling antagonists. These combined results demonstrate that different LPPs have distinct functions and participate in signaling systems for cell migration in flies and humans.
In conclusion, the present studies demonstrate that changes in the catalytic activity of LPP1 in fibroblasts are inversely related to migration of the fibroblasts in response to LPA. These effects are specific because migration to endothelin or PDGF was not changed significantly by LPP1 expression. The effect of increased LPP1 expression in attenuating LPA-induced fibroblast migration did not depend upon dephosphorylation of extracellular LPA. It was explained by a decreased LPAinduced activation of Rho and accumulation of PA following activation of PLD 2 . Significantly, LPP1 also attenuated PLD activation by PDGF. Although this did not affect migration, it could be important in controlling other aspects of fibroblast activation. Taken together these observations provide new concepts for understanding how the LPPs can regulate the effects of growth factors in promoting wound healing, tumor progression, and metastasis.
